Saccharomyces cerevisiae and Kluyveromyces lactis are considered to be the prototypes of two distinct metabolic models of facultatively-aerobic yeasts: Crabtree-positive/fermentative and Crabtree-negative/respiratory, respectively. Our group had previously proposed that one of the molecular keys supporting this difference lies in the mechanisms involved in the reoxidation of the NADPH produced as a consequence of the activity of the pentose phosphate pathway. It has been demonstrated that a significant part of this reoxidation is carried out in K. lactis by mitochondrial external alternative dehydrogenases which use NADPH, the enzymes of S. cerevisiae being NADH-specific. Moreover, the NADPHdependent pathways of response to oxidative stress appear as a feasible alternative that might co-exist with direct mitochondrial reoxidation.
can (Goffrini et al., 1991) . The growth on glucose of the rag2 mutant (RAG1 = resistance to antimycin on glucose) is dependent on an active mitochondrial respiratory chain, as it does not grow on glucose-antimycin (Goffrini et al., 1991) .
When glycolysis is interrupted at the phosphoglucoseisomerase step, the glucose-6-phosphate can be re-routed through the PPP and a surplus of NADPH is generated in the oxidative reactions of the pathway. In K. lactis, a null mutant in the genes encoding subunits of the phosphofructokinase was also able to grow on glucose, but when the gene encoding the PPP transaldolase was also mutated, this mutant lost its ability to grow on glucose (Jacoby et al., 1993) . In S. cerevisiae, it has been proposed that the lack of NADP blocks the oxidative part of the PPP and, therefore, glucose utilization by the pgi1 mutant (Boles et al., 1993) . The K. lactis rag2 mutant grows on glucose, taking advantage of a highly operative PPP and using, in parallel, a highly efficient system for NADPH reoxidation, directly or indirectly related to the mitochondrial respiratory chain. Although it may seem a paradox, in the K. lactis rag2 mutant, even glucose fermentation becomes respiration-dependent, because the synthesis of pyruvate from C-3 metabolites derived from ribose-5-P is dependent on the oxidative part of the PPP and, therefore, dependent on the NADP/NADPH ratio (González Siso et al., 1996) . Throughout this paper we survey the research done in our laboratory and by others, looking for the nature of the molecular mechanisms for cytosolic NADPH reoxidation in K. lactis. These mechanisms contribute to the metabolic differences observed between K. lactis and S. cerevisiae.
Which mechanisms could be involved in the reoxidation of the NADPH produced in the pentose phosphate pathway in Kluyveromyces lactis?
A variety of putative mechanisms involved in the reoxidation of the NADPH produced in the PPP arose during the design and implementation of this work. A scheme of these pathways is presented in Fig. 1 and their implications on the utilization of glucose by the Kluyveromyces lactis rag2 mutant are discussed below.
Direct mitochondrial reoxidation by external alternative dehydrogenases
Two observations suggested that in K. lactis NADPH reoxidation could be mediated by a cytoplasmic-side mitochondrial NAD(P)H dehydrogenase that would transfer electrons to ubiquinone (González Siso et al., 1996) . The first observation was that growth of the rag2 mutant on glucose is prevented by a blockade of the mitochondrial respiratory chain after ubiquinone (e.g. by antimycin), but not before ubiquinone (e.g. by malonate). The second observation was that the activity of the mitochondrial respiratory chain (measured as oxygen consumption and KlCYC1 expression) is higher when the rag2 mutant grows on glucose than on fructose, a monosaccharide that may enter directly in glycolysis without the operation of the PPP in this mutant. When the respiratory chain is blocked by malonate at the level of the succinate dehydrogenase complex, which passes electrons to ubiquinone, mitochondrial respiration is inhibited but the putative external NAD(P)H dehydrogenase would allow reoxidation of the cytoplasmic NAD(P)H, thus explaining the capacity of the K. lactis rag2 mutant to grow in the presence of this inhibitor at the expense of fermentation. As explained hereafter, this hypothesis turned out to be correct and was validated by different approaches that finally led us to the cloning and characterization of the corresponding genes (Tarrío et al., 2005) .
NADPH provides reducing power to a whole set of metabolic reactions and, therefore, indirect mechanisms which may co-exist with direct mitochondrial NADPH reoxidation could be envisaged. In the following paragraphs Fig. 1 . A scheme of the pathways considered during the development of this work as putatively implicated in NADPH reoxidation in the Kluyveromyces lactis rag2 mutant growing on glucose. each alternative is discussed (Fig. 1 ). The clues for selecting possible pathways to investigate the actual contribution of each alternative mechanism to NADPH reoxidation in K. lactis came from previous experiments undertaken to achieve restoration of the growth on glucose of the S. cerevisiae pgi1 mutant (Boles et al., 1993) . Taking into account the metabolic differences between S. cerevisiae and K. lactis, especially in relation to the PPP, the results obtained with the pgi1 mutant cannot directly be extrapolated to the rag2 mutant and therefore each mechanism had to be tested in K. lactis.
Indirect mechanisms for NADPH reoxidation
Transhydrogenase and shuttle cycles Transhydrogenases, which convert NADPH directly into NADH, have not been reported in yeasts. However, it has been proposed that pairs of isoenzymes are able to fulfill this task. Boles et al. (1993) transformed the S. cerevisiae pgi1 mutant with its own genomic library and restored growth on glucose by overproduction of the NAD-glutamate dehydrogenase, thus inducing NADPH-glutamate dehydrogenase. This creates a cyclic 'transhydrogenase-like' system that transforms NADPH into NADH and regenerates NADP for the PPP. Dickinson et al. (1995) isolated a suppressor of the S. cerevisiae pgi1 mutation causing simultaneously increased flux through the PPP and increased NAD-and NADP-dependent glutamate dehydrogenase activities.
Exploring the importance of this mechanism in K. lactis, we studied whether a similar transhydrogenase-like system could contribute to NADPH reoxidation in the rag2 mutant growing on glucose (Becerra et al., 2004) . We considered the possibility that the dependence of the rag2 mutant on the respiratory chain to grow on glucose might be due to the need for reoxidation of an NADH surplus that exceeded the capacity of ethanol fermentation.
Other transhydrogenase-like shuttles have been proposed to operate in the K. lactis rag2 mutant growing on glucose. Overkamp et al. (2002) proposed the existence of a twocompartment (cytoplasm-mitochondria) cycle involving NADP-and NAD-dependent alcohol dehydrogenases. Consistent with measurements of ethanol respiration by mitochondria, these authors found that transcription of ADH3, coding for a mitochondrial alcohol dehydrogenase, was extremely low in aerobic glucose-limited chemostat cultures of the wild-type strain and induced in the rag2 mutant. Simultaneously, the activity of an uncharacterized cytosolic NADPH-dependent acetaldehyde reductase was also increased. The K. lactis cytosolic alcohol dehydrogenases (acetaldehyde reductases) characterized up-to-date are strictly NAD-dependent (Bozzi et al., 1997) . Verho et al. (2002) transformed the S. cerevisiae pgi1 mutant with a K. lactis genomic library and screened for growth on glucose. They found a gene encoding a phosphorylating glyceraldehyde-3-phosphate dehydrogenase that accepts both NADP and NAD. Although operation of this enzyme in the reverse direction enabled the transformed pgi1 mutant to oxidize the surplus NADPH, transcription of the gene was not detected in a K. lactis rag2 mutant grown on glucose, thus eliminating this possibility.
Mechanisms of response to oxidative stress
Growth on glucose of the S. cerevisiae pgi1 mutant may be achieved by adding oxidizing agents such as hydrogen peroxide or menadione, thereby causing oxidative stress to yeast cells (Boles et al., 1993) . The oxidative stress response of S. cerevisiae includes up-regulation of genes encoding for enzymes that use NADPH as cofactor to keep glutathione and thioredoxin reduced (Koerkamp et al., 2002) . Therefore, stress mechanisms dependent on NADPH are a metabolic supply of oxidized NADP under these conditions (Minard & McAlister-Henn, 2001 ).
The yeast cells obtain the extra NADPH needed during the stress response by redirecting carbohydrate fluxes to the PPP at the expense of glycolysis (Godon et al., 1998) . The deviation of glucose-6-P from glycolysis to PPP is precisely what occurs when the K. lactis rag2 mutant grows on glucose. We then assayed whether the NADPH-dependent pathways of defense to oxidative stress were operative in the K. lactis rag2 mutant growing on glucose. It has been estimated that about 2% of total oxygen uptake undergoes incomplete reduction to water during mitochondrial respiration and generates ROS (reactive oxygen species: superoxide, hydrogen peroxide and hydroxyl radicals) (Michiels et al., 2002) . The existence of a high respiratory rate in the rag2 mutant (González Siso et al., 1996) could increase intracellular levels of ROS, which would set off the oxidative stress response.
Other enzymes using NADPH
NADPH is consumed in other metabolic pathways, such as the biosynthesis of fatty acids, sterols, amino acids and purines, the reduction of oxidized nitrogen sources to ammonia, or the metabolism of certain pentoses. It is also the cofactor of the Old Yellow Enzyme, whose physiological role is still unknown (Miranda et al., 1995) but that has been reported to increase during adaptive stress response to hydrogen peroxide in S. cerevisiae (Godon et al., 1998) .
Experimental approach to the mechanisms involved in the reoxidation of cytosolic NADPH in Kluyveromyces lactis
Whether one of the above-cited mechanisms, a balance of several, or others not envisaged a priori account for the growth on glucose of the Kluyveromyces lactis rag2 mutant is a key question. With this aim, in the last few years we performed a screening of induced molecular mechanisms in the K. lactis rag2 mutant growing on glucose vs. fructose and vs. the wild-type strain, both at the transcriptional and enzyme activity levels. We also cloned and functionally characterized several K. lactis genes encoding alternative mitochondrial dehydrogenases and reductases involved in the oxidative stress response (Becerra et al., 2004; Tarrío et al., 2005 Tarrío et al., , 2004 .
For this research, we used for the earlier experiments the K. lactis wild-type strain NRRL-Y1140 (CBS2359), and the rag2 mutant strains PM5-2D (Wésolowski-Louvel et al., 1992) , and CBS2359 rag2::loxP (Steensma & ter Linde, 2001) for recent experiments. Growth of PM5-2D on fructose was considerably worse than on glucose, but was sufficient to allow us to perform some experiments comparing metabolism on both carbon sources. Unlike the case of PM5-2D, the CBS2359 rag2::loxP strain is a deletant that is unable to grow in fructose media (Steensma & ter Linde, 2001) .
A transcriptome analysis reinforces the role of mechanisms of NADPH consumption and disproves the existence of a transhydrogenaselike cycle
The general approach was the analysis of the transcriptome of the K. lactis rag2 mutant PM5-2D growing on glucose vs. fructose and vs. the wild-type strain (Becerra et al., 2004) . We hybridized S. cerevisiae DNA-arrays with cDNA from K. lactis and the heterologous array system proved to be useful to investigate the possible routes to reoxidize the NADPH produced in the PPP. Selected results were verified by northern blot and analyzed more thoroughly by complementary techniques.
Surprisingly, this global transcriptional analysis showed that the mutation in the phosphoglucose isomerase in K. lactis causes very little disturbance upon the expression of genes of the PPP and glycolysis when glucose is the carbon source. We attributed this result to the fact that this yeast, and even the wild-type strains, readily uses the PPP to catabolize glucose (Becerra et al., 2004) . This is also supported by a recently published study of metabolic flux analysis in 14 hemi-ascomycetous yeasts, which found that K. lactis was among the species with the highest relative PPP fluxes, whereas S. cerevisiae was among those with the lowest (Blank et al., 2005) . Therefore, we used as a model to investigate the NADPH reoxidation, the comparison of the transcriptome of the K. lactis rag2 mutant growing on glucose vs. fructose, as differences in intracellular NADPH turnover were notable in these two media (Becerra et al., 2004) . In the K. lactis rag2 mutant, all the glucose must necessarily be metabolized through the glucose-6-phosphate dehydrogenase and following reactions, thus yielding two moles of NADPH per mol of glucose, whereas fructose may enter directly into glycolysis or into the non-oxidative PPP, without NADPH production.
The comparative analysis of these two transcriptomes (Fig. 2) corroborated the previously reported (González Siso et al., 1996) increase in the respiratory metabolism of the K. lactis rag2 mutant growing on glucose. Among the group of genes showing significantly higher expression on glucose than on fructose, none were outstanding for encoding proteins putatively involved in biosynthetic NADPH consumption, the Old Yellow Enzyme, shuttle or transhydrogenase-like cycles. Specifically, the absence of glutamate dehydrogenase genes from this group was verified by northern blot with a homologous probe (a partial KlGDH1 sequence Valenzuela et al., 1995) . This result, together with the direct measurement of enzyme activities, led us to conclude that the glutamate dehydrogenase does not operate as a transhydrogenase cycle in the K. lactis rag2 mutant (Becerra et al., 2004) . Analyses were performed from cells grown in minimal medium, as transcription of KlGDH1 was scarcely detected in more complex media.
Interestingly, a moderate increase in transcript levels of some genes involved in the defense against oxidative stress was observed by comparing the transcriptomes of the rag2 mutant on glucose vs. fructose. This result reveals the oxidative stress response routes as an interesting alternative for NADPH reoxidation and prompted us to study such routes in K. lactis, which were mostly unexplored in this yeast.
Reductases involved in the oxidative stress response and NADPH consumption
Several reductases involved in the cellular defense against oxidative stress are NADPH-dependent, e.g., glutathione reductase and thioredoxin reductase. We also studied if they accounted for the reoxidation of the surplus NADPH produced in the PPP when the K. lactis rag2 mutant grows on glucose. This possibility is supported by the observation that a group of genes of the oxidative stress response are transcriptionally activated in the K. lactis rag2 mutant on glucose (Becerra et al., 2004) . In addition, the K. lactis rag2 mutant seems to be more resistant to the oxidative stress than the wild-type strain. At a fixed concentration of H 2 O 2 (2 mM) the treatment time required to reach 50% dead cells is approximately double for the K. lactis rag2 mutant than for the wild-type strain (unpublished results).
To study these systems in K. lactis, two K. lactis genes homologous to the S. cerevisiae GLR1 and TRR1 (encoding glutathione and thioredoxin reductases, respectively) were cloned by the DCbyPCR method . The study of the regulation of these genes and their corresponding encoded enzymes showed differences with the S. cerevisiae counterparts . First, K. lactis GLR1 does not respond to H 2 O 2 treatment, neither by changes in mRNA transcription nor by enzyme activity modulation, whereas S. cerevisiae glutathione reductase is an oxidativestress defense inducible enzyme and its gene is a Yap1p-target (Grant et al., 1996) . Second, KlTRR1 is the single gene encoding thioredoxin reductase present in K. lactis, whereas S. cerevisiae contains two isoforms of the protein, cytosolic and mitochondrial, encoded by two genes, TRR1 and TRR2, respectively (Grant, 2001 ). Differently to KlGLR1 but similar to the S. cerevisiae TRR1/TRR2 genes (Ross et al., 2000) , KlTRR1 transcription and enzyme activity are induced after H 2 O 2 treatment, a Yap1p binding site being functional in the KlTRR1 promoter . Both KlGLR1 and KlTRR1 show predicted mitochondrial export signals. It has been recently demonstrated that S. cerevisiae GLR1 gives rise to two locations of the protein, cytosolic and mitochondrial, as a function of the selection of the transcription start site (Outten & Culotta, 2004) . A similar mechanism could occur in the K. lactis genes. We are now studying the subcellular location of the glutathione and thioredoxin reductases of K. lactis.
The expression of the KlGLR1 gene under its own promoter in an episomal plasmid completely restores the growth on glucose of the S. cerevisiae pgi1 mutant; the transformants grow as well as the wild-type strain (Fig. 3a) .
Comparison of glutathione and thioredoxin reductase activities in the K. lactis rag2 mutant PM5-2D growing on glucose vs. fructose, in the absence of H 2 O 2 treatment, showed only small differences . Unexpectedly, thioredoxin reductase activity was even greater on fructose. Glutathione reductase activity showed a small increase in the rag2 mutant on glucose (Fig. 3b) ; this increase in activity was also observed when the strain CBS2359 rag2::loxP was compared to the wild type using controlled fermentor cultures on glucose (unpublished data). This suggests a putative role for this enzyme in cytosolic NADPH reoxidation, complementary to the external mitochondrial dehydrogenases described below. The glutathione reductase, in S. cerevisiae and other organisms, has been reported to regulate the activity of glucose-6-P dehydrogenase by means of the control of the NADP/ NADPH ratio through the glutathione redox interconversion (López-Barea et al., 1990). Perhaps in K. lactis, this control is performed at two points: the glutathione reductase, as in S. cerevisiae, but also the external mitochondrial dehydrogenases, the differential point. The role of the K. lactis glutathione reductase in the redox metabolism is the subject of further research.
The external alternative dehydrogenases of Klulyveromyces lactis mitochondria use NADPH
Mitochondrial alternative dehydrogenases are a family of proteins of the inner membrane that can oxidize NAD(P)H and reduce ubiquinone without proton pumping activity. These are rotenone-insensitive and single polypeptide enzymes whose only prosthetic group is flavin adenine dinucleotide (FAD) and that can oxidize either cytosolic (external enzymes) or matrix substrates (internal enzymes). They are absent in mammals but found in plants and fungi (Kerscher, 2000; Josep-Horne et al., 2001) . The suggestion of the existence of a cytoplasmic-side mitochondrial NAD(P)H dehydrogenase in K. lactis was our first attempt at interpreting the reoxidation of cytosolic NADPH in the rag2 mutant (González Siso et al., 1996) , although knowledge about alternative mitochondrial dehydrogenases in yeast was scarce at that time. Consistent with our hypothesis, it was later demonstrated that mitochondria of K. lactis can oxidize cytosolic NADPH (Overkamp et al., 2002) , whereas S. cerevisiae mitochondria cannot (Small & McAlister-Henn, 1998; Luttik et al., 1998) . Moreover, isolated mitochondria from a K. lactis rag2 mutant showed higher respiration rates than mitochondria from a wild-type strain; respiration increase followed exogenous addition of NADPH and NADH and, therefore, argued in favor of the existence of an external dehydrogenase with dual cofactor specificity (Overkamp et al., 2002) .
The first step in the study of the external alternative dehydrogenases of K. lactis mitochondria in our laboratory was the cloning of the genes. When we published the hypothesis on the presence and function of such dehydrogenases in K. lactis (González Siso et al., 1996) , no genes of similar enzymes from yeasts or related organisms had been characterized. The identification of the counterpart genes of S. cerevisiae was published two years later (Small & McAlister-Henn, 1998; Luttik et al., 1998) , where the authors investigated two ORFs of unknown function from the Saccharomyces genome sequence database which showed similarity to the gene encoding the internal alternative dehydrogenase (NDI1). Identification of NDE1 and NDE2 genes made S. cerevisiae the first eukaryote in which the genes encoding external NADH dehydrogenases had been identified. One year later, the characterization of the genes of the single external enzyme of the yeast Yarrowia lipolytica and of the first alternative enzyme from the filamentous fungus Neurospora crassa was published (Kerscher et al., 1999; Melo et al., 1999) . When the random partial sequences (RSTs) of the K. lactis genome were made available by Génolevures (http://cbi.labri.u-bordeaux.fr/Genolevures), we found in this database a very useful tool to isolate a fulllength gene with significant similarity to the S. cerevisiae NDE1 and NDE2 genes; this K. lactis gene was named KlNDE1 and its functional analysis is described in (Tarrío et al., 2005) .
The primary sequence of the putative protein Klnde1p showed two conserved glycine-rich motifs for nucleotide binding, one for NAD(P)H and the other for FAD; we tried to infer from this sequence if one of these motifs was able to bind NADPH or if it was NADH-specific, but it was not (Boles et al., 1993) transformed with an episomal plasmid (YEplac195) bearing the KlGLR1 gene (three independent transformants), and the corresponding wild-type strain ENY-WA-1B (Boles et al., 1993) . (b) Glutathione reductase activity in the K. lactis rag2 mutant PM5-2D and the wild-type strain on glucose and fructose media. The asterisk indicates significant differences with the others at the 95% confidence level.
clear (Tarrío et al., 2005) . It has been proposed that in the glycine-rich consensuses (GXGXXG) of the NADPH-binding sites, the third Gly is generally replaced by Ser, Ala or Pro, and also a conserved negatively charged residue (Glu or Asp) downstream is substituted generally by Asn, thus missing the negative charge and avoiding its unfavorable interaction with the also negatively-charged 2 0 -phosphate of NADPH (Lesk, 2001) . The external mitochondrial dehydrogenases of the yeasts S. cerevisiae and Y. lipolytica have been reported to be active with NADH and not with NADPH (Small & McAlister-Henn, 1998; Luttik et al., 1998; Kerscher et al., 1999) . More recently, fungal (Neurospora crassa) and plant (Solanum tuberosum) genes encoding external mitochondrial NADPH dehydrogenases have been identified (Melo et al., 2001; Carneiro et al., 2004; Michalecka et al., 2004) . When we aligned these NADH and NADPH dehydrogenases and Klnde1p with the aim of comparing the nucleotide-binding motifs, we observed that these two features typical of the NADPH-binding glycine-rich consensuses were both present only in the first motif of the calcium-dependent protein Nde1p from N. crassa (Melo et al., 2001) , but not in the others, independently of whether the protein actually used NADH, NADPH or both (Fig. 4) .
The ability of Klnde1p to bind NADPH was then verified from experimental results (Tarrío et al., 2005) . One important clue was the fact that the S. cerevisiae pgi1 mutant was able to grow on glucose when transformed with an episomal plasmid expressing the KlNDE1 gene from its own promoter region, although the growth rate of the transformants was considerably lower than that of the wild-type strain (Fig.  5a ). We also analyzed the expression of the KlNDE1 gene, and the results obtained supported the ability of Klnde1p to bind NADPH. Thus, northern-blot analyses showed a low but significant increase of KlNDE1 expression in the rag2 mutant on glucose vs. fructose and the wild-type strain. The disappearance of this transcriptional induction of KlNDE1 after treatment with hydrogen peroxide, i.e. after induction of the NADPH-consuming defense mechanisms against oxidative stress and concomitant reduction of intracellular NADPH levels, suggested a role for Klnde1p in cytosolic NADPH reoxidation (Tarrío et al., 2005) . An important confirmation came from the isolation of mitochondria of the S. cerevisiae nde1 mutant expressing the K. lactis NDE1 gene and the evidence that such mitochondria were able to exogenously oxidize added NADPH (Tarrío et al., 2005) , as shown in Fig. 5b , although at a slightly lower rate than that reported for K. lactis wild-type mitochondria (Overkamp et al., 2002) . This lower rate was attributed either to the above described regulation of KlNDE1 or to the possible existence of a second alternative NADPH dehydrogenase (Tarrío et al., 2005) . The isolated mitochondria of the S. cerevisiae nde1 mutant expressing the K. lactis NDE1 gene also exogenously oxidized added NADH (Tarrío et al., 2005) , as shown in Fig. 5b .
The recent availability through the Génolevures database of the complete sequence of the K. lactis genome revealed the existence of another putative alternative external dehydrogenase (we named it Klnde2p); this one is similar to the N. crassa external calcium-dependent dehydrogenase and we are now studying its role in cytosolic NADPH reoxidation. However, the recent construction in our laboratory of a K. lactis nde1rag2 double-deletion mutant in the CBS2359 background and the finding that this strain grows scarcely not only on glucose but also on a series of carbon sources tested (unpublished results) support the hypothesis that Klnde1p plays a major role in the reoxidation of the NADPH produced in the PPP in the rag2 mutant. In fact, the double mutation is practically lethal after a few cell divisions. Therefore, it seems a priori that the participation of Klnde2p in the reoxidation of the NADPH produced in the PPP may be less important than that of Klnde1p. In spite of this, the regulatory network of the two external alternative dehydrogenases would be interesting to study, not only from the point of view of the NADPH reoxidation but also to investigate the precise metabolic role of this class of enzymes in the different organisms in which they have been described.
The alternative dehydrogenases of yeasts as a metabolic differential clue
Apart from K. lactis, at present the genomes of three other yeasts have been completely sequenced by the Génolevures consortium (Candida glabrata, Debaryomyces hansenii and Yarrowia lipolytica), these sequences being available in the Génolevures database. We performed a comparative study of selected genes of these yeasts showing high similarity with
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those of the alternative dehydrogenases of S. cerevisiae and N. crassa; this study allowed us to reach some conclusions and to propose some generalizations. Figure 6 shows a phylogram of the putative alternative dehydrogenases of the four yeasts whose genomes have been completely sequenced by Génolevures. A first surprising observation was that, although it has been reported that a single external enzyme confers alternative NADH:ubiquinone oxidoreductase activity in Y. lipolytica and that the mitochondria of this yeast do not exogenously oxidize added NADPH (Kerscher et al., 1999) , there is another sequence (YALI0E05599g) in the genome of this yeast showing similarity to alternative dehydrogenases, specifically to those of N. crassa and K. lactis containing a calcium-binding domain (Fig. 6) . These three enzymes show that in the first nucleotide-binding domain the conserved aspartate in the NADH-binding proteins is replaced by a basic residue, as proposed for NADPH-binding domains (Lesk, 2001 ). The protein from N. crassa has been reported to bind NADPH (Melo et al., 2001) .
The comparative study also revealed that, unlike what occurs in plants and N. crassa, in the yeast genomes sequenced so far, complex I and the alternative internal dehydrogenase are not present simultaneously. Yarrowia lipolytica and D. hansenii are strictly aerobic yeasts (Gancedo & Serrano, 1989 ) that contain complex I; C. glabrata, K. lactis and also S. cerevisiae are facultative yeasts that replace complex I by an alternative internal dehydrogenase. It seems that the strictly aerobic yeasts prefer complex I, which is composed of many subunits but yields a higher P/O ratio than the more versatile single polypeptide alternative enzyme, which is preferred by the facultative yeasts adapted to fermentation, as proposed in (Tarrío et al., 2005) . Moreover, the genome of C. glabrata contains two genes encoding putative alternative dehydrogenases, one predicted as external and the other as internal by similarity (Fig. 6) . As previously reported for S. cerevisiae (Luttik et al., 1998) and K. lactis (Tarrío et al., 2005) also the mitochondrial export signal (predicted using the program MITOPROT, http:// ihg.gsf.de/ihg/mitoprot.html) of the putative external alternative dehydrogenase of C. glabrata is longer than that of the internal enzyme. Probably, these signal peptides contain the information that determines the cytosolic or matrix orientation of the proteins in the inner mitochondrial membrane.
Further study of the alternative dehydrogenases of these and other yeasts is needed; it will contribute not only to our understanding of the biology of mitochondrial coenzyme reoxidation but also to elucidate the molecular basis of the respiro-fermentative metabolism in yeasts. For example, competition for cytosolic NADH formed in glycolysis between mitochondrial oxidative systems and alcohol dehydrogenases has been proposed as a relevant factor in the occurrence of aerobic fermentation and the Crabtree effect (Luttik et al., 1998; Tarrío et al., 2005) . The external dehydrogenases of S. cerevisiae show, in the presence of high glucose concentrations, a transcriptional down-regulation (De Risi et al., 1997) that is absent in KlNDE1 (Tarrío et al., 2005) and that may be related to an increased flow of glycolytic NADH through the alcohol dehydrogenases and the increase in the fermentative metabolism observed in S. cerevisiae vs. K. lactis. Moreover, in a group of 14 hemiascomycetous yeasts a correlation has been found between the flux through the PPP and the activity of the tricarboxylic acid cycle (Blank et al., 2005) . Although merely speculative for now, in yeasts when the PPP is supported by alternative external mitochondrial dehydrogenases able to reoxidize NADPH, a respiratory metabolism predominates.
Outlook
With the present state of knowledge, we propose that the mitochondrial alternative external dehydrogenases of K. lactis represent the main pathway for the reoxidation of cytosolic NADPH. This supports a high activity of the PPP and allows growth of the rag2 mutant on glucose. The activity of the glutathione reductase could also contribute to the adaptation of the rag2 mutant to glucose catabolism based exclusively on the PPP, thus explaining the more respiratory lifestyle and the higher resistance to oxidative stress of this strain. Interesting questions about the interplay of the PPP activity, the respiratory chain, the alternative mitochondrial dehydrogenases, the defense mechanisms against oxidative stress and the differences of respirofermentative metabolism in yeasts are open to further study.
